INTRODUCTION
The existence of mammalian phospholipase D catalysing the hydrolysis of phosphatidylcholine to phosphatidic acid and choline was first detected in 1975 using a microsomal preparation from rat brain [1] . Subsequent studies have demonstrated phosphatidylcholine-preferring phospholipase D in homogenates and membranes from various tissues and cells, including lung, liver, adipose tissue, endothelial cells, erythrocytes and spermatozoa, with lung and brain being the richest sources [2] [3] [4] [5] [6] [7] [8] . Ethanol and several other short-chain primary alcohols (methanol, propan-1-ol, butan-1-ol, glycerol) can act as alternative substrate to water in the reaction, leading to formation of the corresponding phosphatidylalcohol, a process named ' transphosphatidylation ' [9] .
Once it is formed, the rate of degradation of phosphatidylethanol is slow compared with its rate of synthesis, even after ethanol is removed ; hence the prolonged presence of ethanol can result in a significant accumulation of this phospholipid in some cells (up to 1-2 % of the total cellular phospholipid pool) [10] . There are reports of a significant accumulation of phosphatidylethanol in tissues of animals treated with ethanol in i o [11, 12] . Phosphatidylethanol accumulation has also been reported in lymphocytes from human alcoholics [13] . Even though accumulation of phosphatidylethanol after alcohol intoxication is well documented, the potential implication of this effect is not known. Phosphatidylethanol is a negatively charged phospholipid, and if it is generated from the neutral phosphatidylcholine, it may affect structural parameters of the phospholipid bilayer [14] . The with phosphatidylserine, simultaneous addition of phosphatidylalcohols and calmodulin increased the affinity of the enzyme for Ca# + to a greater extent than each added separately. When ethanol was added to either the purified erythrocyte Ca# + -ATPase or to erythrocyte-ghost preparations in the presence of acidic phospholipids, an additive effect was observed. There was an increase in the affinity for Ca# + and in the maximal velocity of the reaction, well above the values obtained with ethanol or with the acidic phospholipids tested separately. These findings could have pharmacological importance. It is conceivable that the decrease in the intracellular Ca# + concentration that has been reported in erythrocytes as a result of ethanol intoxication could be due to the stimulation of the Ca# + -ATPase by the accumulated phosphatidylethanol, to a direct effect of ethanol on the enzyme or to an additive combination of both.
consequences of phosphatidylethanol accumulation for the activity of membrane-bound enzymes are equally unknown. It has been reported that phosphatidylethanol prevents activation by ethanol of the Na + \K + -ATPase activity in a crude rat brain membrane fraction [14] and that a specific protein kinase C isoenzyme could be stimulated by phosphatidylethanol, which would bind to the phospholipid-binding site of the enzyme [15] . It is conceivable that some of the chronic toxic effects of ethanol are the consequence of an accumulation of phosphatidylethanol in specific membrane areas.
The plasma-membrane Ca# + -ATPase is responsible for the maintenance of the intracellular Ca# + concentration at the resting level [16, 17] . The activity of this enzyme is highly regulated. Thus it can be stimulated by calmodulin, acidic phospholipids, polyunsaturated fatty acids [18] and phosphorylation by cAMPdependent protein kinase [19] and by protein kinase C [20] . Besides, controlled proteolysis with trypsin [21] [22] [23] and other proteolytic enzymes [24] also stimulates the Ca# + -ATPase. Hydrophobic interactions promoted by the presence of organic solvents as DMSO and polyalcohols (i.e. ethylene glycol) also mimics calmodulin [25, 26] . Auto-aggregation of the enzyme [27] through a monomer 8 dimer transition [28] is also translated in an increase of the ATPase activity. Interestingly, this enzyme has been shown to be stimulated by different alcohols [29] . The stimulation of this enzyme by ethanol is additive to that of calmodulin [29] .
In the present study, using purified enzyme as well as membrane preparations, we show that the activity of the Ca# + -ATPase is stimulated by phosphatidylethanol and phosphatidylbutanol, which have an additive effect with calmodulin on the stimulation of the affinity of the enzyme for calcium. The stimulatory effect observed is also additive to that obtained when the enzyme is stimulated by ethanol.
MATERIALS AND METHODS

Chemicals
All reagents were of the highest purity available. ATP, EGTA, NADH, phosphatidylcholine, dithiothreitol, pyruvate kinase, lactate dehydrogenase, phosphoenolpyruvate, phosphatidylserine (1,2-diacyl-sn-glycero-3-phospho--serine, from bovine brain) and calmodulin-Sepharose were from Sigma. Phosphatidylethanol (1,2-dimyristoyl-sn-glycero-3-phosphoethanol) and phosphatidylbutanol (1,2-dimyristoyl-sn-glycero-3-phosphoethanol) were from Avanti Polar Lipids, Inc., Alabaster, AL, U.S.A. All other reagents were analytical grade.
Purification of the erythrocyte Ca 2 + -ATPase
Erythrocyte ghosts deficient in calmodulin were prepared as described by [18] , from recently outdated human blood. Purified Ca# + -ATPase was obtained using a calmodulin affinity column as described previously [23] . Routinely, 0.5-0.6 mg of ATPase were obtained from 500-600 mg of ghost protein. The purified ATPase was stored under N # at k70 mC at a concentration of 100-200 µg\ml, in a buffer containing 0.05 % Triton X-100, 130 mM KCl, 20 mM Hepes\KOH (pH 7.2), 2 mM EDTA, 2 mM MgCl # , 50 µM CaCl # , 2 mM dithiothreitol, 0.5 mg\ml phosphatidylcholine and 5 % glycerol (v\v). Bovine brain calmodulin was obtained as described by Guerini et al. [30] .
Determination of ATPase activity
Aliquots of purified Ca# + -ATPase (about 1-2 µg of protein\ml) were incubated in a medium containing 130 mM KCl, 20 mM Hepes\KOH, pH 7.2, 1 mM ATP, 1 mM MgCl # , 1 mM EGTA and the appropriate concentrations of CaCl # to obtain the desired free calcium concentration. The final concentration of calcium ions was calculated by using an iterative computer program as described previously [31] . Since the rates of ATPase activity were linear over 45 min incubation at 37 mC, the reaction was arrested at 45 min by the addition of 8 % (final concn.) cold trichloroacetic acid. When ghost preparations were used, the mixture was centrifuged and the supernatant was kept for inorganic phosphate determination. The latter was carried out according the colorimetric method of Fiske and SubbaRow [32] , modified by the use of FeSO % as reducing agent. When necessary, appropriate blanks were made to correct for the slight interference of ethanol or phospholipids with the colorimetric method. A coupled-enzyme assay system was used to measure the Ca# + -ATPase activity during purification of the enzyme, as described previously [33] . The medium contained 10 µM free Ca# + , 120 mM KCl, 30 mM Hepes\KOH, pH 7.4, 2.5 mM MgCl # , 1 mM ATP, 0.2 mM NADH, 0.5 mM phosphoenolpyruvate, 1 unit of pyruvate kinase and 1 unit of lactic dehydrogenase, and the reaction was monitored at 37 mC in a final volume of 1 ml. The difference in absorbance between 366 and 550 nm was plotted versus time using a dual-wavelength spectrophotometer (SLM Aminco DW-2000). The phospholipids were microdispersed in 10 mM Hepes, pH 7.4, by sonication at 0 mC (Branson model B-30 sonifier, in the pulse mode, 50 %) under a stream of nitrogen (2-5 mg of phospholipid\ml).
Determination of the protein concentration
The protein concentration was determined by the method of Lowry et al. [34] . To avoid interferences with Triton X-100, the protein was precipitated by trichloroacetic acid in the presence of deoxycholate [35] .
Analysis of the results
The different values of K m and V max were determined using Eadie-Hofstee plots and the computer program Enzfitter (version 
RESULTS
Effect of acidic phospholipids on the activity of the purified Ca 2 + -ATPase or on the Ca 2 + -ATPase from erythrocyte ghosts
The Ca# + -ATPase of the erythrocyte plasma membrane has been shown to be stimulated by acidic phospholipids such as phosphatidylserine [18] . Since phosphatidylethanol is also an acidic phospholipid, we investigated if addition of this phospholipid stimulated the activity of the purified enzyme or ghost preparations obtained from human erythrocytes. The effect of phosphatidylbutanol was also investigated. Figure 1 shows that, as reported previously [18] , addition of phosphatidylserine induced a 2-fold stimulation of the enzyme at a phospholipid concentration of 50-100 µg\ml. At higher concentrations of phosphatidylserine, the activation of the enzyme became less evident. Comparable results were obtained after addition of phosphatidylethanol or phosphatidylbutanol to the purified, solubilized enzyme ( Figure 1 ) or to erythrocyte ghosts (not shown), i.e. maximal stimulation at a concentration of 50-100 µg
Figure 1 Effect of acidic phospholipids and ethanol on the activity of purified Ca 2 + -ATPase
The reaction medium (0.5 ml, 37 mC) contained 1 µg/ml purified Ca 2 + -ATPase, 130 mM KCl, 20 mM Hepes/KOH, pH 7.2, 1 mM ATP, 1 mM MgCl 2 , 1 mM EGTA and the amount of CaCl 2 to give a final Ca 2 + concentration of 10 µM and the indicated concentration (µg/ml) of the respective phospholipid. Phosphatidylserine (PS, i) ; phosphatidylethanol (P-et, >); phosphatidylbutanol (P-but, =). Where indicated 5 % ethanol (E) was included. Similar results were observed in five additional experiments.
Figure 2 Effect of acidic phospholipids on the Ca 2 + -ATPase activity
Experimental conditions were as in Figure 1 . #, Control (C) ; , 100 µg/ml phosphatidylserine (PS) ; >, 100 µg/ml phosphatidylethanol (P-et) ; =, 100 µg/ml phosphatidylbutanol (P-but). Experimental conditions were as in Figure 1 . #, Control (C) ; , 5 µg/ml calmodulin (CaM) ;
, 100 µg/ml phosphatidylserine plus 5 µg/ml calmodulin (PSjCaM) ; >, 100 µg/ml phosphatidylethanol plus 5 µg/ml calmodulin (P-etjCaM) ; =, 100 µg/ml phosphatidylbutanol plus 5 µg/ml calmodulin (P-butjCaM).
phospholipid\ml and less evident stimulation at higher concentrations.
Effect of acidic phospholipids on calmodulin-stimulated Ca 2 + -ATPase activity
As has been demonstrated for other acidic phospholipids [36] , addition of either phosphatidylserine, phosphatidylethanol or phosphatidylbutanol to purified, solubilized erythrocyte Ca# + -ATPase, increased the affinity of the enzyme for Ca# + and the maximal velocity of the reaction as compared with controls in the absence of acidic phospholipids (Figure 2 ). However, in contrast with what occurs with phosphatidylserine, simultaneous addition of phosphatidylalcohols and calmodulin increased the affinity of the enzyme for Ca# + to a greater extent than each added separately (Figure 3) . In all cases the maximal velocity was similar to the maximal velocity obtained with calmodulin alone, independently of the phospholipid added (Table 1) . Comparable results were obtained when erythrocyte ghosts were used instead of the purified, solubilized Ca# + -ATPase, and the values of K m and V max obtained are shown in Table 2 .
Effect of ethanol on acidic phospholipids-stimulated Ca 2 + -ATPase
Since phosphatidylethanol has been reported to induce tolerance to fluidification by ethanol in artificial lipid bilayers [14] , and ethanol, by itself, has been shown to stimulate the activity of the erythrocyte Ca# + -ATPase [29] , we investigated whether ethanol had any additive effect on the phosphatidylalcohol-or the phosphatidylserine-stimulated Ca# + -ATPase. Figure 4 shows that, as has been described previously [29] , addition of ethanol increased the maximal velocity of the reaction catalysed by the purified, solubilized erythrocyte Ca# + -ATPase above the values obtained with calmodulin ( Figure 3 ) or with any acidic phospholipid tested separately ( Table 1 ). The increase in the affinity for Ca# + produced by ethanol, however, was lower than that obtained Experimental conditions were as in Figure 1 . #, Control (C) ; $, 5 % ethanol (E) ; , 100 µg/ml phosphatidylserine plus 5 % ethanol (PSjE) ; >, 100 µg/ml phosphatidylethanol plus 5 % ethanol (P-etjE) ; =, 100 µg/ml phosphatidylbutanol plus 5 % ethanol (P-butjE).
with addition of phosphatidylethanol, phosphatidylbutanol, or phosphatidylserine, separately (Table 1) . When ethanol was added in the presence of acidic phospholipids (Figure 4 ) an additive effect was observed. There was an increase in the affinity of the enzyme for Ca# + and in the maximal velocity of the reaction, well above the values obtained with ethanol or with the acidic phospholipids tested separately (Table 1) . Similar results were obtained when erythrocyte ghosts were used instead of the purified, solubilized Ca# + -ATPase, and the values of K m and V max obtained are shown in Table 2 . Maximal effects of ethanol on the phospholipid-activated Ca# + -ATPase activity were observed at a phospholipid concentration of 50-100 µg\ml (Figure 1 and results not shown).
DISCUSSION
In the present study we show that phosphatidylalcohols stimulate the Ca# + -ATPase activity of human erythrocytes. This stimulation occurs with the purified, solubilized enzyme as well as with ghost preparations, and is different from that obtained with other acidic phospholipids such as phosphatidylserine, in that both phosphatidylethanol and phosphatidylbutanol increased the affinity of the calmodulin-stimulated enzyme for Ca# + . In addition, all the acidic phospholipids tested had an additive effect on the stimulation of the Ca# + -ATPase activity by ethanol.
It is noteworthy that no significant differences were observed between the effect of phosphatidylethanol or phosphatidylbutanol on the Ca# + -ATPase activity. This is in contrast with the more pronounced effect of butanol than ethanol on this activity [29] and could be attributed to the loss of the hydroxy group of the alcohols by transphosphatidylation. The different effect of the phosphatidylalcohols on the Ca# + -ATPase activity with respect to phosphatidylserine, i.e. their additive effect on its affinity for Ca# + in the presence of calmodulin, could be explained by the complex nature of the interactions between acidic phospholipids and the Ca# + -ATPase. In this regard, studies performed with peptides obtained by trypsin treatment of the enzyme shed some light on these complex interactions. Peptides with different affinities for Ca# + could be obtained depending on the conditions used for trypsin proteolysis. One of the peptides (81 kDa) had higher affinity for Ca# + than the native enzyme and was not activated by calmodulin [22, 37] , but its affinity for Ca# + could be further increased by acidic phospholipids [38] . The 76 kDa tryptic fragment had a higher affinity for Ca# + than either the native enzyme or the 81 kDa fragment and was no longer activated by calmodulin or acidic phospholipids [38] . On the other hand, it has been shown more recently [39] that acidic phospholipids, besides interacting with the N-terminal domain of the Ca# + -ATPase, also interact with the calmodulin-binding domain, located toward the C-terminal end of the enzyme. Thus a more complex picture emerges, as reviewed previously [40, 41] , possibly accounting for the differential effect of phosphatidylserine and both phosphatidylalcohols. In addition, it is noteworthy that, although the three phospholipids possess a net negative charge, phosphatidylserine has two negative charges and one positive, while the phosphatidylalcohols possess only one negative charge.
Several effectors besides calmodulin have been reported which are able to stimulate the plasma-membrane Ca# + -ATPase activity. Most of them, however, only increase the affinity of the enzyme for Ca# + [42] and\or increase its maximal velocity to the same extent obtained in the presence of calmodulin [17, 42, 43] . By contrast, ethanol stimulates the Ca# + -ATPase to a larger extent than that obtained when this enzyme is activated by calmodulin [29] . The increase in the degree of activation is observed in the affinity of the enzyme for Ca# + as well on its maximal velocity. Interestingly, the effect of ethanol besides being additive to that of calmodulin [29] is also additive to the effect of acidic phospholipids (the present work). This additive response was observed on the affinity of the Ca# + -ATPase for its substrates, and also on the maximal velocity of the enzyme, thus suggesting that these effectors interact with the Ca# + -ATPase through different mechanisms.
The mechanism of stimulation of the Ca# + -ATPase by calmodulin is well established [40, 42] : an autoinhibitory domain of about 9 kDa, located at the C-terminus of the enzyme is removed upon calmodulin binding, leaving the substrates free access to its active site. By contrast, the mechanism of stimulation by acidic phospholipids is less well understood, although since the stimulation of the V max by these compounds is not additive to that of calmodulin, it could be stated that they partially mimic the action of calmodulin. This could be achieved by bringing the enzyme to an ' open conformation ' such that the substrate gains access to the catalytic pocket of the Ca# + -ATPase. This interpretation is supported by experiments performed after trypsin proteolysis of the Ca# + -ATPase in the presence of different ligands. Thus, similarly to what occurs in the presence of calmodulin, the presence of linoleic acid, at concentrations that stimulate the Ca# + -ATPase in the absence of calmodulin, greatly accelerates the digestion of the enzyme [23] , which can be interpreted as if upon binding of this ligand to the enzyme there is an increase in the number of cleavage sites accessible to trypsin. Calmodulin, besides increasing the rate of trypsin proteolysis, protects some peptides from further digestion [23] . Thus, the mechanism of interaction of calmodulin and stimulatory lipids with the Ca# + -ATPase is somehow similar in nature. This is also supported by studies undertaken in order to follow the different conformations of the enzyme by CD [44] . In these studies it was shown that both calmodulin and phosphatidylserine decreased the α-helical content of the Ca# + -ATPase in a similar manner. However, acidic phospholipids increased the affinity of the enzyme for Ca# + to a larger extent than calmodulin, but again, the induced increase in the affinity of the enzyme for Ca# + was not additive with that obtained in the presence of calmodulin alone [44] . In the present work we show for the first time that phosphatidylalcohols are able to increase the affinity of the enzyme for Ca# + to a higher level, even when calmodulin is present in the assay medium.
Concerning the mechanism of action of ethanol, the fact that its stimulation of the Ca# + -ATPase is additive to that obtained with calmodulin and acidic phospholipids even when these effectors are present at optimal levels, indicates that it exerts its effect through a different mechanism. One possible interpretation, based on the postulated mechanism of interaction of calmodulin with the Ca# + pump, is that ethanol acts on another putative autoinhibitory domain which is not able to be removed by proteolysis of the enzyme. It should be mentioned that trypsin proteolysis of the Ca# + -ATPase under conditions which originates a stimulated and calmodulin-insensitive enzyme renders a form which is still able to be stimulated by ethanol to the same extent to that obtained when the alcohol is added to the intact enzyme in the presence of calmodulin [29] . It is noteworthy that while ethanol additively increases the affinity of the enzyme for Ca# + when added together with calmodulin [29] or acidic phospholipids (Table 1) , the decrease of the K m for Ca# + is higher when added simultaneously with acidic phospholipids (Table 1) than when added with calmodulin [29] . These results indicate a complex pattern of interaction between ethanol, acidic phospholipids, and the enzyme.
It has been reported that the relative potency of different acidic phospholipids in increasing the Ca# + -ATPase affinity for Ca# + is a function of the number of negative charges at physiological pH (phosphatidylinositol 4,5-bisphosphate phosphatidylinositol 4-phosphate phosphatidylinositol l phosphatidic acid l phosphatidylserine) [45] and that the stimulation of the enzyme by negatively charged phospholipids is based in the direct binding of the lipids to the enzyme [46] . As mentioned above, all the acidic phospholipids used in this work possess only one negative net charge and therefore they were not expected to show differences in their relative potency to increase the affinity of the enzyme for Ca# + . This indeed appears to be the case, except when calmodulin is present, in which case phosphatidylalcohols were more potent than phosphatidylserine. This indicates a different interaction of the former with the calmodulin-activated enzyme, probably as a consequence of their simpler molecular headgroup structures. It could also be possible that the distinct effect observed between phosphatidylserine and phosphatidylalcohols could be related to their different hydrophobic acyl chains. It should be mentioned it this respect that organic solvents such as DMSO mimic the stimulatory effect of calmodulin and acidic phospholipids on the Ca# + -ATPase activity [25] , suggesting that a hydrophobic interaction could be partially involved in the enzyme stimulation. However, this does not appear to be the explanation, since it has been reported [41] that different phosphatidylserines isolated from bovine brain and from chicken egg are similar with respect to their effect on the Ca# + -ATPase activity.
Ethanol has been demonstrated to affect the intracellular Ca# + concentration ([Ca# + ] i ) of different cells [10] . Interestingly, Ca# + efflux is stimulated in human erythrocytes after their exposure to concentrations of ethanol (0.25-0.5 %) achieved in the blood after its human consumption [47] , and it has been demonstrated that, at these concentrations, ethanol increases Ca# + transport by inside-out erythrocyte vesicles [29] . Accordingly, addition of similar concentrations of ethanol to vascular smooth muscle [48] or skeletal-muscle cells [49] produced a decrease in their [Ca# + ] i . In addition, although an increase in the [Ca# + ] i of hepatocytes was observed after addition of similar concentrations of ethanol, this change was transitory and paralleled the stimulation of the inositol-lipid-specific phospholipase C, and the concomitant increase in the levels of inositol 1,4,5-trisphosphate [10, 50] .
Ethanol affects a wide variety of membrane-bound enzyme activities,and many of its effects may be associated with its fluidification action on the membrane bilayer [14] . However, it cannot be excluded that, in some cases, ethanol-induced perturbations could be due to accumulation of phosphatidylethanol [12, 14] . It is generally agreed that the phospholipid composition of membranes is important for their biological activity. Properties such as K m and V max [51, 52] or the degree of cooperativity [53] of some enzymes are sensitive to their lipid environment. It has been shown that phosphatidylethanol causes an increase of fluidity of artificial and natural bilayers and that is able to confer membrane ' tolerance ' to the effects of ethanol [14] . Membrane tolerance has been detected in membrane preparations isolated from rats intoxicated with ethanol for prolonged periods. Ethanol concentrations causing significant membrane disordering in control preparations have little effect on membranes prepared from ethanol-treated rats [54] [55] [56] . Despite the considerable body of work that has been carried out in the last few years, the molecular basis of the membrane tolerance phenomenon is still debated. It is conceivable that the additive effect of ethanol and phosphatidylethanol on the activation of some membrane-bound enzymes could be involved in this phenomenon. Synergism of the effects of ethanol in human alcoholics or ethanol-treated animals that have previously accumulated phosphatidylethanol in their cell plasma membranes should also be taken into account.
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